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Canal Lining Experiments 
· the Delta Area, Utah 
by 
ORSON W. ISRAELSEN 
and 
RONALD C. REEVE 
Bulletin 313 (Technical) 
Utah Agricultural Experiment Station 
SUMMARY 
T HIS bulletin reports data collected in a three-year experimental study of seepage losses from typical canal sections in the Delta 
Area, Millard County, Utah. It includes analyses of the justifiable 
cost of lining irrigation canals based on the value of the water saved 
and on assumed or estimated annual maintenance costs of the lining. 
vVith present water values and interest rates and canal lining main-
tenance costs not greater than 9 percent annually, Delta Area irriga-
tion companies can justify initial lining costs of 9 cents per square 
foot on some of their canals . 
Seepage losses were measured in eight experimental sections during 
1940, in fiv e sections during l!H1 , and in three sections during 1942. 
In March and April 1941 , a L1.,000-foot section of the C-Canal, which 
had the largest second-foot loss in 19 L:I<O, was lined with a layer of 
Oasis clay, from 4 to 6 inches thick after being compacted, which was 
covered by a layer of gravel 1 inch thick. In March 19 LU a 1,650-foot 
section of the Melville Company East Canal was lined with Oasis clay, 
also from 4 to 6 inches thiclc 
Three hundred stream-flow measurements were made periodically 
with current meters, and 5 continuous-flow measurements were made 
with current meters and water stage registers for finding seepage 
losses. A special seepage meter, a constant-head permeameter, and a 
variable-head permeameter also were used for measuring seepage 
losses. It was found that in parts of the Delta Area where seepage 
losses were excessive, the water lost from canals causes a rapid rise 
in the ground-water table and a slope of the water table away from 
t:le canal. Piezometer studies showed maximum water flows away from 
leaky canals in the soil strata of high permeability even though such 
strata are at great depths below the ground surface. 
Seepage losses in the C-Canal and the East Canal were so low 
after lining they could not be detected by the measurement of inflow 
and outflow with current meters. The loss of water from the lined 
sections as computed on the basis of the measured coefficient of perme-
ability of the clay lining, with water 2 feet deep in the canal, would 
be less than 0.5 percent. 
Measurements of the elevation of the compacted lining were made 
at 1,312 points in the C-Canal experimental section on two different 
dates. The first measurements were made just before water was turned 
into the canal; the second measurements were made 9 days after the 
water was turned out of the canal, which followed a period of two 
months of water flowing in the canal. These measurements showed a 
net increase in volume of the lining of 1,600 cubic feet which is equiva-
lent to a 5 percent volume increase. 
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CANAL LINING EXPERIMENTS IN THE 
DELTA AREA, UT AHl 
by 
ORSON W. ISRAELSEN2 
and 
RONALD C. REEVE3 
INTRODUCTION 
P VBLIe agencies have spent millions of dollars in construction of 
. reservoirs for conservation of water in irrigation Relatively little 
attention however has been given to conservation of water through in-
creased irrigation efficiencies. The Utah Agricultural Experiment Sta-
tion, in cooperation with the Irrigation Division of the Soil Conserva-
tion Service, is conducting research concerning conservation of irriga-
tion water (and of soils) by increasing irrigation efficiencies through 
the development of better methods of water conveyance and appli-
cation. 
Efficiencies in irrigation depend largely on two maj or activities: 
(1) Efficient conveyance of water from reservoirs or natural stream 
channels to points of use on the lands, and 
(2) Efficient distribution of water over the surface of each farm 
and storage of water in the root zone of the soil. 
Efficient water conveyance is usually the responsibility of the canal 
company and efficient water application the responsibility of the 
farmer. 4 
The major objectives of the cooperative experimental project, on 
which this bulletin is a report of progress, are to find the amounts of 
irrigation canal water losses, their effect on ground-water and the 
effectiveness and permanence of low-cost materials for canal lining, 
such as common clays, bentonite, and natural oils; and to develop 
satisfactory and economical methods of placing such lining materials 
in irrigation canals for reducing losses. 
Water-Conveyance Efficiency 
The term "water-conveyance efficiency" is defined as the ratio of the 
volume of water delivered to farmers under an irrigation canal in a 
lReport of progr:ess in Experiment Station Project 211.-Pumell 
2Research professor of irrigation and drainage, Utah Agricultural Experiment 
Station, and collaborator, U. S. Department of Agriculture. 
3Research assistant, Utah Agricultural Experiment Station, and junior engi-
neering aide, Irrigation Division, U. S. Soil Conservation Service. 
4Measurements of water-application efficiencies in Utah and Salt Lake Counties 
are reported in Experiment Station Bulletin 311. 
5 
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given time, to the volume that is taken in at the head of the canal, 
expressed as a percentage. If, for instance, a canal company delivers 
three-fourths of the water which it receives in a particular month or 
season, then its water-conveyance efficiency is 75 percent. 5 
The area of non-productive land in the West has been greatly in-
creased because of the rise of ground-water and alkali concentration 
which has resulted from low efficiencies in the conveyance and in the 
application of irrigation water. Excessive amounts of water, seeping 
from the high-line canals to the low lands of the valleys, cause the rise 
of the water table with resulting upward flow of alkali-laden water 
toward the land surface. On the surface of the land the water evap-
orates leaving the alkali deposited on the soil. This decreases the pro-
ductivity of the soil, and if long continued, prevents productivity entire-
ly. In Utah a major step toward reduction of alkali areas and preven-
tion of further accumulation of alkali in soils can be made by increas-
ing water-conveyance efficiencies. Low efficiencies, by causing a rise of 
the water table, retard downward flow of water through soils, a process 
of fundamental importance to the reclamation of alkali lands, and to 
the prevention of accumulation of alkali near the surface of the soils. 
DELTA AREA LEADERSHIP 
A GRICULTURAL and industrial leaders in the Delta Area recognize the fact that intelligent and efficient irrigation practices consti-
tute the basis for profitable crop and livestock production. They know 
irrigation water is a limiting factor in such production and that the 
water which seeps from the canals into the ground-water is perma-
nently lost. They realize also that the rise of the water table caused 
by the water thus lost increases drainage costs, reduces crop produc-
tion, complicates the alkali problem, impedes cultivation of lands and 
harvesting of crops, and threatens the permanence of agriculture. 
During 1937 and 1938 the soil productivity of some districts was 
seriously reduced by the rise of ground-water. Delta Area leaders, 
through the county agricultural agent, requested the Agricultural Ex-
periment Station to investigate the problem. This request and investi-
gation, supported by financial contributions of the four irrigation com-
panies and of Millard County, in harmony with the recommendations of 
the Delta Area Irrigation and Drainage Investigations Committee, was 
a factor of maj or importance in the cooperative canal lining research 
reported herein. 
5It is of course essential in some canals to use part of the water diverted for 
flushing of silts and sands from canals and to waste some water for prevention of 
excessive flow and for protection of irrigation structures. 
,1 
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DELTA AREA CANAL STUDIES 
I N COOPERATION with the Irrigation Division of the U. S. Soil Con-servation Service, the Utah Agricultural Experiment Station initi-
ated cooperative studies of seepage losses and canal lining in the Delta 
Area early in 1940. The Work Projects Administration, Delta Area 
irrigation companies, and Millard County contributed financially to the 
cooperative research work. 
Location and Description of Canals Studied 
Canal Sections 
Eight canal sections in the Delta Area, in Millard County (fig. 1 ) 
were selected in April 1940 for the study of seepage losses. The loca-
tion of these sections is shown on figure 2, a map of the Delta Area. 6 
Surveys 
Profiles were com-
pleted for each of the 
canal sections except 
that of the Delta Main 
l OJ( ELOElt 
Too£[[' 
KANE 
STATE OF tlT411 
'shaiT,t?' 'pI7./"//Dh r~tP"~s~n1"s 
M, Ge/Hrq/ Area Slw/"<1 
SCAL£-/'Ii/ts 
SAN .IVAN 
Canal. Elevations were 
taken along the canal 
bed at 100-foot inter-
vals; bench marks 
were established in 
convenient places along 
the canal, and all gates 
and drops were lo-
cated. Cross sections 
were taken at 1000-
foot intervals on each 
canal section. The sur-
vey of the Delta and 
Melville Companies' 
C-Canal was continued 
past the end of the 
experimental section 
up to and including the 
distance of 14,468 feet. 
Fig. 1. Map of Utah showing location of Delta Area 
new cut-off section of canal, making a total 
6The names of the irrigation companies that own the respective canals, the 
names of the experimental canal sections and the lengths of each section are as 
follows: 
Delta and Melville Companies 
C-Canal-4200 feet. (Continued on next page) 
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Wootlrol'll Dire!. 
-Exp. Stief/of> 
~~~~~_~9.J9i! Fl. 
~ 
Secfnlf> I 
S8fU rr. 
LOCATION Df EXP[/(/ft{£NTAL 
CANAL SECTIONS 
Della If re a, (jIg/, 
191-0 
Scale In mile.s 
o 1 
EXPLANATION 
2 
Canals aM S Irl!a/nJ 
---- #a/;, flrj'hWQP 
-E=~3- Secl/o,?J Studied 
Fig. 2. Location of experimental canal sections in the Delta Area 
----
Melville Irrigation Company 
East Canal-5275 feet. 
Delta Canal Company 
Woodrow Ditch-section one, 5892 feet; section two, 3500 feet. 
Delta Main Canal-6500 feet. 
B-2 Canal-3468 feet. 
Abraham Irrigation Company 
Wilson Ditch-7830 feet. 
Abraham Main Canal-8154 feet. 
Deseret Irrigation Company 
High Ditch-section one, 5000 feet; section two, 7910 feet. 
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Hydraulic Properties 
The flow of water in canals is influenced by the canal bed width, 
depth, side slopes, wetted perimeter, slope of water surface, and the 
roughness of the bed and sides. These canal properties, together with 
the cross section area and hydraulic radius computed from them, com-
monly called hydraulic properties, are believed to influence seepage 
losses. 
Determinations of most of the hydraulic properties for each of the 
several canal sections were obtained by direct measurement~the rest 
were computed. The water surface slope, canal flow, cross-sectional 
area of water prism, and wetted perimeter were measured. By using 
these measurable properties the hydraulic radius, and the Kutter and 
Maninng's coefficient of roughness were computed. Some hydraulic 
properties of each of the canal sections are given in table 1. 
MEASUREMENTS OF SEEPAGE LOSSES 
F IVE methods were used to measure the seepage losses from experi-mental canal sections, namely: 
1. Periodic current meter measurements of inflow and outflow. 
2. Continuous-flow measurements by use of current meter rating 
stations and water stage recorders. 
3. Measurements with the Salinity Laboratory seepage meter of 
seepage at representative points in the bed of the canal when 
water was in the canal. 
4. Constant-head permeameter measurements at representative 
points in the bed of the canal when there was no water in the 
canal. 
5. Variable-head permeameter measurements at representative 
points in the bed of the canal, when there was no water in the 
canal. 
Periodic Current Meter Measurements 
Current meter measurements were made of the quantity of water flow-
ing into the experimental section of the canal, and of that flowing out 
at the lower end of the section. The inflow minus the outflow was con-
sidered lost by seepage in sections from which there were no diversions. 
Price and Hoff current meters were used. A measurement by use of 
the Hoff meter is illustrated in figure 3. In sections where some of the 
water was diverted for irrigation, measurements were made of each 
..... 
0 
Table 1. Hydraulic properties of canal sections, 1940 
3 4 7 9 10 
Length of c: Bed Average Side Slope of 
.., 
experi- Cross- Coefficient >-Name of canal mental width depth slopes sectional Wetted Hydraulic of canal bed lJ1 
and canal of of horizontal area perimeter radius roughness (feet per ;:> canal company section canal water to (sq. ft.) (feet) (feet) un" 1000 ~ 
(feet) (feet) (feet) vertical feet) i:l ("") 
c:: 
t'" 
C-Canal 
.., 
c:: 
Delta and Melville Companies 4,200 ' 18 2.5 1.5 to I 52 27 1.98 _025 0.71 
::z;l 
>-
t'" 
Melville East Canal trJ :>< 
Melville Irrigation Company 5,275 13 2.0 1.5 to I 32 20 1.51 _021 0.12 "1:1 t'1 
::z;l 
Woodrow Ditch ~ 
Delta Canal Company 9,392 7 2.0 2 to I 22 16 1.23 .026 0.52 t'1 z 
.., 
Delta Main Canal en .., 
Delta Canal Company 6,500 16 4.0 1.5 to I 86 29 2.86 >-.., 
B-2 Canal 
(5 
z 
Delta Canal Company 3,468 9 2.0 2 to I 26 18 1.33 .022 0.18 to c:: 
Wilson Ditch 
t'" 
t'" 
t'1 
Abraham Irrigation Company 7,730 II 2.0 2 to I 30 20 1.5 .025 .., ~ 
Abraham Main Canal w ..... 
Abraham Irrigation Company 8,154 19 2.5 1.5 to I 57 28 2.07 .033 0.50 w 
High Ditch 
Deseret Irrigation Company 12,910 10 2.0 2 to I 28 18 1.89 .026 0.02 
Fig. 3. Mea uring the flow in Delta-Melvill 
ompanie ' C-Canal with a Hoff current meter 
June 1941 
tr am div rt d. In rno t ca th 
tl'eam divert d within a ection wer 
m a ured by u e of Cottr 11 m a uring 
O'at which w re own d and in tall d b~' 
th irrigation compani for th ir u e. 
vVher Cottrell gate w l' not in ta11ed, 
or were out of ord l' m a urement of 
div l' ion weI' mad with CUlT nt m -
tel'. In ev ral in tanc th m a ure-
ment with the Cottr .Il gat weI' 
ch cked by mea urement with th cur-
rLnt meter, and it wa found that the 
diff renc w l' mall 0 that th l' ult 
obtained by eith r method weI' l' liabl . 
In 1940, a total of III maul' ment were made of inflow and outflow 
for the 8 experimental ection ; in 1941, 102 m a urements were mad 
on 5 ection ; and in 1942 26 mea urement w re made on 3 section . 
In 1940, mo t mea urem nt w r mad by wadino- the ,canals, wherea 
in 1941 bridg were built acro th canal at the m a urement ta-
tion and u ed for 1941 and 1942 maul' ment . 
Becau e of the many mall tr am div rted for irrio'ation pm'po 
within orne of the canal ction and becau of the fr quent chano--
ing of str am flow by th wat rma tel' for diy rsion purpo e , the 
flow ip the e canal ection wa chano'ino- much of the time. In order 
to obtain accurate mea ur ment of epao- 10 it inc ary that 
the flow in the canal ·tion b con tant during th tim th mea ul' -
ment i being made. It wa th l' for , n cary for a check to be 
mad with th waterma ter a to th condition of flow in the canal 
b for mea ur ment could be tak n. Gauo- heio-ht at the beginning 
and at the end of ach mea ur m nt w r r cord d 0 that chang of 
tr am flow during th m a ur m nt could b detected. Whenever th 
tl'eam wa gr at l' than two f t in d pth, v locity r ading w re 
tak n by th two-point (0.2 and 0.8 d pth) m thod and for tl'eam 
Ie than two f t in d I til the on -po int ( 0.6 ) m thod of velocity de-
termination wa u d. Current m t l' l' adino- w r mad at horizontal 
int rval of two f t wh r y l' th d pth did not chang abruptly and 
wh n th tr am wa wid r than 10 feet, For tl'eam Ie than 10 
feet wid and where d pth han o- d abruptly, and on the ide lopes 
of all tream, on -foot int r"al w l' u ed. 
Table 2. Resume of average seepage losses for the seasons 1940, 1941, and 1942 ...... ~ 
as found by current meter measurements 
1940 1941 1942 
Number Loss per mile Number Loss per mile Number Loss per mile Canal and name Average Average Average c::: of of of 
-l of measure- inflow sec. percent measure- inflow sec. percent measure- inflow sec. percent ;I> 
canal company ments sec. ft. ft. inflow ments sec. ft. ft. inflow ments sec. ft. ft. inflow ::z:: 
> I;'l C·Canal, Delta :Il ;:; and Melville Co's. c 
Before lining 25 71.5 4.6 6.4 t"" 
-l 
After lining 31 70.4 0.4 0.6 8 88.5 0.1 * 0.1* c :Il East Canal gain > t"" 
Melville Company tr:l 
>< Before lining 18 40.2 2.2 5.5 17 39.5 1.7 4.3 6 ~ 
After lining 63.5 0.7t LIt t"l :Il 
B-2 Canal gain ~ 
t"l 
. Delta Canal Co. 18 30.3 2.6 8.6 22 27.5 1.6 5.8 12 30.3 3.3 11.0 z 
-l 
Woodrow Ditch Ul 
Delta Canal Co. 13 29.7 1.2 4.0 22 27.1 0.6 2.2 -l ;I> 
-l Wilson Canal (5 
Abraham Irrigation Co. 10 23.1 1.6 6.9 10 19.2 1.1 5.7 z 
Delta Mai~ Canal t:d d 
Delta Canal Co. 4 53.4 1.6 3.6 t"" t"" 
Abraham Main Canal t"l -l 
Abraham Irrigation Co. 11 59.2 1.3 2.2 51 
w High Ditch ...... 
w Deseret Irrigation Company 12 27.5 0.6 2.1 
* An average of 8 measurements shows a small gain but it is so small that it falls well within the error of measurement with a current 
meter. 
tThe above footnote applies to this section also. There was probably no loss in this section. The apparent increase of 0.7 c.f.s. per 
mile is based on an observed increase of 0.21 c.f.s. in a 1,650-foot section of canal. 
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The average inflow and loss per mile in 1940, 1941, and 1942 in 
each section, as obtained from current meter measurements, is reported 
in table 2. In 1940 the average inflow ranged from 23.1 cubic feet per 
second in the Wilson Canal to 71.5 in the C-Canal; the average loss 
from 0.6 c.f.s. in the High Ditch to 4.6 in the C-Canal; and the aver-
age loss in percentage of inflow per mile of canal ranged from 2.1 in 
the High Ditch to 8.6 in the B-2 Canal. 
In 1941, the loss in the C-Canal after it was lined with clay was 
negligible. The East Canal lost 4·.3 percent per mile and the B-2 
Canal, 5.8 percent. Part of the East Canal section was lined in :March, 
1942, and the losses from the C-Canal and East Canal during the 
season 1942 after lining were too small to measure with a current 
meter. The B-2 Canal losses in 1942 were 11.0 percent per mile; and 
for the 3-year period the average loss was 8.5 percent per mile. 
The seepage loss measurements on the four unlined canal sections, 
namely; the Delta Canal Company Woodrow Ditch and B-2 Canal, the 
Melville Irrigation Company East Canal, and the Abraham Irrigation 
Company Wilson Canal were made during the irrigation season 194'1 
to add to the data on seepage obtained during the 1940 season and 
thus to give a more reliable average of the water loss resulting from 
seepage .over a longer period of time. The seepage loss measurements 
on the C-Canal experimental section were made with special attention 
being given to determine the amount of water lost from seepage after 
lining with Oasis clay, to compare with the seepage loss records of 
1940 before lining with clay. 
Current meter measurements at the upper end and lower end of 
the C-Canal experimental section during late June, 1944, showed an 
inflow of 37.6 second-feet and an outflow of 37.3 second-feet. 
These measurements, indicating a negligible loss in the experi-
mental section three years after lining, are of special interest. 
Continuous-Flow Measurements 
In 1940 and in 1941 . continuous-flow measurements were made on 
the Woodrow Ditch. Water stage recorders and shelters were placed 
at the upper end of section 1, and at the lower end of section 2 (fig. 2). 
From the current meter measurements, the canal was rated at both 
measuring stations and rating curves plotted for e~ch station. With 
the average gauge heights for each day, as recorded by the automatic 
water stage recorders, and with the rating curves, the volume of water 
flowing into the canal section and the volume of water flowing out were 
determined for given periods. The volume diverted for irrigation with-
in the ,experimental canal section was obtained from the records of the 
Delta Canal Company. During the test periods the relation of flow 
to gauge height was constant. 
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The total outflow of the section includes both the outflow at the 
downstream station and the diversions in the section. The seepage 
loss within the section is obtained by subtracting the total outflow from 
the total inflow. A summary of continuous-flow measurements of seep-
age losses for 1940 and 1941 is given in table 3, which shows the re-
sults of measurements during 5 time periods. The seepage loss in acre-
feet during each of the periods is given in column 7. For convenience 
in making comparisons with the data of table 2, losses are reported 
also in second-feet and in percent of inflow per mile. 
The losses in Woodrow Ditch as measured by the continuous-flow 
method ranged from 2.0 to 9.6 percent per mile. The weighted aver-
Table 3. Continuous-flow measurement of seepage losses in the Delta Canal 
Company Woodrow Ditch, 1940 and 1941 
1940 
2 4 9 10 
.. Diver-Inflow Outflow Total Loss in section 
at at sions outflow 
Period Time upper lower for col. Ac . ft . Cu. ft. pel: second Percent hI'S. 
end end irriga- 4+5 in per tion in per ac . ft. ac. ft, 
ac. ft. ac . ft . period section mile mile 
1 688 2,839 2,201 540 2,741 98 1.71 0.96 2.0 
2 326 1,058 789 134 923 135 4.98 2.79 7.2 
3 286 280 182 50 232 48 2.01 1.13 9.6 
Totals 1,300 4,177 3,172 724 3,896 281 
Average 2.58 1.45 3.8 
1941 
4 576 1,803 1,239 453 1,692 III 2.31 1.30 3.4 
5 768 1,350 1,059 226 1,285 65 1.01 0.57 2.7 
Totals 1,344 3,153 2,298 679 2,9-77 176 
Average 1.57 0.88 3.1 
Length of section == 9.392 feet == 1.78 miles. 
Period Month and year 
1 May 21 to June 25, 1940 
2 July 15 to 28, 1940 
3 August 10 to 27, 1940 
4 May 23 to June 17, 1941 
5 August 12 to Sept: 12, 1941 
ages were 3.8 for 1940 and 3 .1 for 1941, as compared to 4,.0 and 2.2, 
respectively, as measured periodically with current meters and reported 
in table 2. 
Seepage losses are reported for 3 periods in 1940 and for 2 in 
1941. These dates of each of the 5 periods are given under table 3. 
In 1940 the seepage losses in the Woodrow Ditch were much 
smaller in May and June than in August, whereas in 194,1, the~T were 
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larger in May and June than in August and September. The seasonal 
differences for 1940 differ from the general rule, as observed by Delta 
Area irrigation officials. Greater seepage losses probably occur early 
during the season because the ground-water table is low, giving a rela-
tively high hydraulic gradient, and because freezing and thawing of 
canal bed and banks during winter and spring make them more perme-
able. As the season advances, because of the rise of the ground-water 
table and consequent lowering of the hydraulic gradient, and also be-
cause of consolidation of soils and silting, the seepage rate usually 
decreases. 
Other Methods Used 
The methods of measuring seepage losses as above described are not 
wholly satisfactory. Some of the features lacking in these measure-
ments are briefly mentioned in the following paragraphs. 
The current meter measurements are sufficiently accurate only with 
a considerable length of canal. In the Delta Area the minimum length 
of canal,..in which seepage losses were measured with current meters 
before lining was 3,468 feet. 
Seepage losses, as measured by use of the current meters, represent 
only average losses throughout the entire experimental canal section. 
The soil permeability from place to place along a one-mile section may 
vary widely. It is therefore desirable to develop a method for measur-
ing variability of seepage from place to place along a canal. 
Measurements of soil permeability with permeameters enable the 
researcher to find variability in seepage from place- to place along the 
canal and in this way to overcome, in part at least, the deficiency in 
the use of current meters. It is noteworthy, however, that in measure-
ments with a permeameter when there is no canal flow there is likely 
to be spreading of water flow in radial directions immediately below 
the lower end of the cylinder in the soil. Thus far no adequate means 
of detection of spreading and its influence on the permeability has been 
found by the authors. 
Salinity Laboratory Seepage Meter7 
The seepage meter, figure 4, was used to measure seepage losses in the 
unlined Delta Company B-2 Canal and the lined Delta-Melville Com-
panies' C-Canal experimental sections in 1942. 
This meter consists of a lower cylinder covered with a cone having 
a small gate valve at its apex, an upper cylinder, a water bag made of 
7Dr. R. E. Moore, formerly irrigation and drainage engineer for the U. S. 
Regional Salinity Laboratory at Riverside, California, together with his successor, 
Mr. J. E. Christiansen, have developed a seepage meter comparable somewhat to the 
permeameter to be described, but differing in the fact that it is installed during 
times of ordinary stream flow in the canal. 
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Fig. 4. Salinity Laboratory seepage meter 
thin, water-tight, flexible material, and a spring balance, supported by 
a clamp. 
To use this meter the lower cylinder is forced into the bed of the 
canal, in which water is flowing, with the gate valve open, thus allow-
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ing entrapped air to escape and be replaced by water. The water bag 
is then filled and connected to the 1;4 -inch pipe and fittings, one end 
of which is connected to a tube leading to the lower cylinder and the 
other end to a poin\. above the canal water surface, thus facilitating 
refilling of the hag. After these connections are made, and the flexible 
bag placed in the upper cylinder, the water which seeps from the lower 
cylinder through the bed of the canal is replenished by flow from the 
water bag which must be submerged during the test. The loss of 
weight of the bag during the time of the test, therefore, gives the 
number of grams (or cubic centimeters) of water which seeps through 
the area of the bed of the canal confined by the lower cylinder. The 
volume of water thus lost is a measure of the seepage loss in inches 
per hour as reported in table 4 column 6.8 It is important to note that 
the diameter of the lower cylinder used in the experiments reported 
herein is 1 foot-not 1 foot 7 inches as shown in figure 4. 
The head causing the flow is considered equal to the sum of the 
depth of water in the canal plus the depth of soil in the lower cylinder. 
The method of measuring the head and the flow length of water in 
the soil is considered more fully in the description of the constant-head 
permeameter, which follows. -
This meter has the advantage of measuring seepage losses (or soil 
permeability) from point to point along the canal, even though the 
canal is being used to capacity. Data from use of this meter supple-
ment data obtained by use of current meters in finding within an ex-
perimental canal section the particular points at which seepage losses 
are maximum. It seems to constitute an improvement over the perme-
ameters described in following pages because of being used with water 
in the canal. The error resulting from radial flow within the soil is 
probably eliminated because the same pressure head on canal bed is 
maintained outside and inside the meter . 
Measurements of seepage loss in the B-2 Canal, as shown in table 
4, were made at 9 points in the experimental canal section. The time 
rate of water loss is given in column 5, in grams per hour, and in 
column 6 in inches per hour.8 In columns 8 and 9 the coefficients of 
permeability of the soil of the bed of the canal are computed on the 
bases of the seepage rates (velocities) of column 6, depths of water in 
the canal as given in column 2, and on an assumed flow length of water 
through 6 inches of soil. 
8The cylinder diameter of the seepage meter used in making the tests shown in 
table 4 is 12 inches or 30.48 cm. The cross section of the cylinder, and of the soil 
column in the bed of the canal through which water percolated from the seepage 
meter bag, is therefore 729 sq. cm. The depth of 1 gram (c.c.) ' of water spread 
over this area is 
1 inches = 0.00054 inches. 
729 X 2.54 
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Table 4. Seepage losses from canals as measured with the Salinity Laboratory 
seepage meter 
4 8 9 
Water Seepage loss Coefficient of Weight Time lost through canal bed permeability of Canal Depth, of to from canal bed soil 
station water water make bag, 
feet lost, tests, grams Inches Feet Inches Feet 
grams hours per per per per per 
hour hour year hour year 
Delta B·2 Canal 
1+50 1.8 275 3.25 84.6 .046 33 .01000 7.30 
12+50 1.6 225 0.50 450.0 .243 176 .05780 42.20 
12+50 1.6 150 0.25 600.0 .324 237 .07710 56.30 
13+50 2.0 75 1.00 75.0 .040 31 .00800 5.84 
18+00 1.9 300 1.75 171.5 .093 67 .01940 14.15 
20+00 2.0 775 8.83 87.9 .048 33 .00960 7.01 
21+80 1.8 400 8.16 49.0 .026 18 .00565 4.12 
24+40 2.0 325 24.66 13.2 .007 6 .00140 1.02 
25+60 2.0 815 41.30 19.8 .Oll 8 .00220 l.61 
18+18 2.5 875 1.83 478.0 .258 188 .04300 31.40 
18+18 2.5 2660 6.22 428.0 .231 170 .03850 28.lO 
18+18 2.3 710 2.00 355.0 .192 140 .03440 25.10 
Delta-Melville C-Canal after lining 
15+30 2.15 75 24.00 3.12 .00166 1.2 .00017 0.13 
Melville East Canal 
40+00 2.5 ll5 1.67 68.9 .037 27 .00618 4.52 
26+00 2.4 50 2.25 22.2 .012 9 .00173 1.26 
25+00* 2.7 0 0.5 0 .0 0 0 0 
* After lining. 
The following symbols are commonly used to represent the factors 
in the Darcy velocity equation: 
h f = Loss of hydraulic head in the flow length, 1 
k = Coefficient of permeability 
1 = Flow length ·of water through soil 
v = Mean velocity of flow based on total cross-section area normal 
to flow direction. 
The Darcy equation, using the above symbols, is: 
hf 
v = k -l-
or k = ~---------- - --- --------------______ ____ __ ____________ ------------ -------------------------------------------- (la) 
hr • 
For example, at B-2 Canal station 1 + 50, as shown in table 4: 
v = .046 inches per hour 
1 = 6 inches (assumed) 
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hf = 21.6 + 6 = 27.6 inches9 
Therefore, from equation CIa): 
k == .046 X 6 0.010 inches per hour 
27.6 
19 
The seepag·e losses as measured with the seepage meter are con-
sidered inadequate to be correlated to the losses as found by the inflow-
outflow measurements with the current meter. 
As shown in table 4 the rate of water loss through the bed of the 
Delta Company B-2 Canal varied from 0.007 to 0.324 inches per hour 
within the section. This shows a variation of seepage loss of 1 to 46, 
but, as previously stated, nearby irrigation ditches may have con-
tributed to this variation. 
Constant-Head Permeameter 
With a constant head maintained by either continuous or frequent 
additions of water, an approximately steady flow through the soil is 
obtained. Figure 5a illustrates a constant-head permeameter used with 
LABORATORY METHOD 
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Fig. 5. Constant-head permeameter 
laboratory studies, and figure 5b, with field studies. The law of Darcy 
for the flow of water in soils is used for computing the coefficient of 
permeability after measuring the volume of flow in unit time, Q, the 
gross cross-section area at right angles to flow, A, the loss of hydraulic 
head, hf, and the flow length, 1. In field studies and undisturbed soil the 
flow length as a general rule cannot be measured 'accurately. If the sur-
9The assumed flow length of 6 inches and the loss of head of 27.6 inches in this 
example represent the true length and head most nearly if the upper 6 inches of 
the canal bed soil material is underlain by a coarse-textured soil material of rela-
tively high permeability. 
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face soil consists of a thin layer of soil of low permeability overlying a 
layer of highly permeable soil, then the flow length can be measured. 
It is equal to the thickness of the top layer of soil. The surface soil 
of the bed of Delta-Melville Companies' C-Canal in general is less 
permeable than the deeper soil. The flow length in the constant head 
permeameter studies was assumed to be 0l1~, foot. Using the symbols 
defined above, the Darcy flow equation for a 'steady state is: 
Q=k ~ A 
1 
' or k= ~ ______ ___ _________________________________________________ __ _____________ __ _____ ________________________ (lb) hfA 
Two cylinders were used in the C-Canal studies, one having a 
cross-section area of 1.058 square feet; the other 1.190 square feet. 
Thirty-nine measurements were made at 23 stations on the C-
Canal. ' The number of tests at each station, average time used in the 
tests, and the coefficient of permeability are shown in table 5. At sta-
tion 5+00, for example, where the permeameter, having an area of 
1.190 square feet, was used, the flow of water was 0.336 cubic feet in 
0.4 hours, the loss in head was 2.4 feet and therefore from equation 
(lb) the coefficient of permeability, k _ .336 X 1 X 12 
. - .400 X 2.4 X 1.190 3.54 
inches per hour. The wide range in the permeability coefficient from 
0.04 inches per hour at station 2+00 to 9.04 inches per hour at station 
18+15 reflects the great variability found in natural soils. The aver-
age10 permeability based on 39 measurements is 1.64 inches per hour. 
Variable-Head Penneameter 
In soils of very low permeability, such as the Oasis clay, the variable-
head permeameter shown in figure 6, is better for measuring the co-
efficient, k, than the constant-head permeameter. The following sym-
bols are used to represent the several factors: 
A = Cross-section area of cylinder driven into soil. 
a = Cross-section area of small tube above the cylinder. 
h f = Loss of hydraulic head in the flow length, 1. 
dh = The loss of hydraulic head in time, dt . 
. 'loAs a rough approximation it is assumed that the average loss shown for the 
bed of the canal in table 5, namely 1.64 inches per hour, represents the average for 
the entire wetted I?erimeter of 32 feet and length of 4,000 feet or 2.94 acres wetted 
area. It is assumed' also that the average hydraulic slope is unity; then the loss in 
second-feet-equivalent to acre-inches per hour-would be 
Q = 1.64 X 1 X 2.94 = 4.8 second-feet. 4- .~ __ 
The average loss based on 25 inflow-outflow measur~~ents with the current 
meter in 1940 before the canal was lined, was 4.6 second-feet. 
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Table 5. Coefficient 0/ permeability 0/ the undisturbed soil in the bed 0/ 
Delta-Melville Companies' C-Canal as me~ured with a 
constant-head permeameter, 1941 
I 2 3 4 5 6 
Ratio of 
Canal Number of Time used Coefficient of permeability, k column 4 to 
station tests in test Inches per Feet per 
average k for 
hours the lined hour year canal 
1.6 X 10-4 
2+00 I 0.04 29 250 
5+00 I 0.4 3.54 2,600 22,900 
7+25 2 16.8 0.19 140 1,200 
9+50 2 0.4 5.60 4,100 35,000 
12+00 2 3.4 0.95 690 5,900 
14+00 2 6.2 0.21 ISO 1,300 
16+00 I 6.7 0.23 170 1,400 
18+00 2 .7 2.42 1,770 15,000 
18+15 6 .1 9.04 6,600 56,500 
20+10 I 1.3 0.52 380 3,200 , 
21+85 3 .4 2.16 1,650 13,000 
22+00 4 .2 6.48 4,700 40,500 
24+00 2 .7 1.04 760 6,500 
25+75 1 2.7 0.26 190 1,600 
25+95 1 4.7 0.10 73 620 
29+00 I 1.6 0.78 570 4,900 
29+15 I 1.7 0.78 570 4,900 
31+00 1 1.3, 0.56 420 3,500 
33+00 I 3.5 0.06 44 370 
35+00 1 1.3 0.52 380 3,200 
,h'l 
37+00 I 2.6 1.25 910 7,800 
39+00 I 3.5 0.41 300 2,560 
40+75 I 2.1 0.61 440 3,800 
Average 1.64 1,200 10,200 
k = Coefficient of permeability. ' , 
1 = Flow length of water through soil. 
t1 = Time when measurements are begun' and f water ' stands ata 
distance, h1' above bottom of soil sample. 
t2 = Time when measurements are completed ' and water stands at 
elevation h2. 
By Darcy's law the velocity through the soil is k htll and the vol-
ume of flow through the soil in time, dt, is k (htll) A dt. This vohlme 
is equal to the decrease in volume of water In the small 'tube above 
the cylinder and ,therefore: I . , ' 
--a dh = k (hf/l) A dt __________ __ ___ __ ___ __ _____ ___ __ __ _________ ___ ___ ________________ ' ___ ______ ______ ___ ___ __ (2) 
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Integrating equation 2 between the limits of hI and h2' and 
tl and t2, and converting natural logarithm to the base 10, it is found 
that: 
k = A2(~2~1 ~ loglo ~: ------------ -- ------------------------------------------------------------------------ --(3 ) 
In the permeameter used at Delta during April 1941, A = 153.2 
square inches, a = 0.259 square inches, and the flow length was 5.16 
inches. Using these values and the time and head values shown in 
table 6 at station 12+00, the coefficient of permeability as found by 
equation (3) is: 
k = 2.3 X 0.259 X 5.16 loglo 5696.'01 = 1.6 X 10-4 
153.2 X .6.2 
The coefficient of permeability of the compacted clay lining of the 
C-Canal as determined with the variable-head permeameter at 4 sta-
tions is shown in table 6. One test only was made at each of stations 
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Table 6. Coefficient of permeability of the compacted Oasis clay in the 
Delta-Melville Companies' C-Canal as measured with a 
variable-head permeameter 
(a) In April 1941 immediately after lining was completed. 
Canal Time used Head at Head at Coefficien t of permeability 
23 
station in test beginning completion Inches per Feet per hours inches inches hour year 
12+00 6.2 66.1 59.0 1.6 X 10-4 0.12 
14+00 4.4 68.5 59.9 2.6 X 10-4 0.19 
16+00 6.4 66.5 
• 
61.6 1.1 X 10-4 0.08 
20+00 5.8 60.0 52.0 2.1 X 10-4 0.15 
0+00 24.0 54.4 46.1 0.6 X 10-4 0.04 
verage 9.4 62.6 56.2 1.6 X 10-4 0.12 
(b) In April 1944 after the lining had been used for 3 years 
12+85 4.3 60.0 48.0 5.2 X 10-4 0.38 
12+85 2.5 68.0 55.2 8.9 X 10-4 0.65 
12+85 13.0 55.2 33.0 4.3 X 10-4 0.31 
12+85 9.8 73.0 48.0 4.6 X 10-4 0.34 
Average 7.4 64.0 46.0 5.7 X 10-4 0.42 
12+00, 14+00, and 16+00, and 2 at station 20+00. The average 
for the 5 tests is 1.6 X 10-4 inches per hour ot 0 .116 feet per year. 
If it is assumed that this coefficient may be uniform on the 2.94 acres 
of lined canal, and that the average hydraulic slope is unity, then the 
loss in the lined section would be 
1.6 X 1 X 2.94 . Q = 10000 = 0.0005 acre-mches per hour, or second-f.eet. 
I t is impossible to measure such a small loss with a current meter. 
The loss as measured with a current meter in 1941 after lining was 
0.4 second-feet as shown in table 2. 
Column 6 of table 5 shows the ratio of the coefficient of permea-
bility of the natural undisturbed soil in the bed of the C-Canal at each 
station to the average coefficient of permeability of compacted clay 
lining. This column shows great variability; the range being from 250 
at station 2+00 to 56,500 at station 18+15. The average ratio for 
the entire experimental canal section is more than 10,000. 
It is important to know if the permeability of clay lining in canals 
changes from year to year. Four measurements at station 12+85 in 
the C-Canal in April, 1944, after the lining had been in use 3 years, 
presented in table 6b, show an average permeability coefficient of 
5.7 X 10-4 inches per hour, or 0.42 feet per year. The permeameter 
used in 1944 is shown in figure 6b. It differs from the one used in 
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1941 in having a cone cover bolted .on to the base cylinder rather than 
a flat plate c.over as shown in figure 6a. The purpose of the cone-
shaped cover is to facilitate escape of air when the top part of the 
permeameter is filled with water. The 1944 permeameter was found 
satisfactory in this respect; however, the shorter base cylinder caused 
higher upward pressure and necessitated the placing of weights on the 
permeameter to keep it in the soil.ll 
Because of a slight leak through the welded seam of the cylinder 
used in 1944, and the greater difficulty of maintaining water tightness 
between the inside wall of the permeameter and the soil, because of 
higher upward pressure and resulting movement of the permeameter, 
the data of table 6b should be interpreted as showing that the actual 
average permeability of the clay in April, 1944, at the one point of 
measurement, was not greater than 0.42 feet per year-it may have 
been lower. 
WATER TABLE AND GROUND.WATER 
FLOW STUDIES 
SUPPLEMENTING the five methods of measuring seepage losses above described, an effort was made to estimate seepage losses from canal 
sections by measuring depths to the ground-water table and the slope 
of the water table as influenced by the seepage water. Some of the 
results of this phase of the study are presented in figures 8 to 12, 
inclusive. 
Locations of Holes 
Ground-water observation holes were bored on lines at right angles to 
the canal at distances of 100, 200, 500, and 1,000 feet on each side 
from the center line of each canal section where conditions would per-
mit. Several lines of holes were bored for each of the experimental 
canal sections, and spaced along the axis of the canal at intervals of 
1,000 feet to 2,000 feet. An attempt was made to bore observation 
holes along fence lines and roadways, thus avoiding boring in culti-
vated lands as much as possible. The locations of ground-water obser-
vation holes for the Delta-Melville Companies' C-Canal are shown in 
figure 7. 
UFor example, when the water in the glass tube is 5 feet above the base of the 
cone the upward pressure is nearly 2.17 pounds per square inch, thus making a 
total uplift of 245 pounds on the cross-section area of ll3 square inches. Since the 
permeameter base cylinder used in 1941, figure 6a, was nearly 2 feet higher than 
the one used in 1944, figure 6b, the upward pressure was 0.87 pounds per square 
inch less, or nearly 100 pounds less on a 12-inch diameter cover. Remembering that 
the cross-section area of the permeameter used in 1941 was 153 square inches, it 
is evident that the additional upward pressure owing to area difference, for a head 
of 2 feet, was 40 X 0.87 = 35 pounds. 
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I>epth~easurenGents 
The depth to grolmd-water level was measured periodically throughout 
the irrigation season at intervals of approximately two weeks. Meas-
urements were made by use of a pipe rule one-fourth inch in diameter 
attached to a tape measure) which was lowered into the hole. It was 
fOlmd necessary to clean the holes before each measurement because 
of the tendency of the soil to cave at) and below) the ground-water 
level. This was done about 24 hours before measurement was made to 
allow the water to return to its normal position after being disturbed 
by cleaning. 
Water Surface Profiles 
Ground-water surface profiles were drawn for each line of observation 
holes from time to time during the season. The ground-water profiles 
show the effect of the seepage water from the canals on the ground-
water table. 
Figures 8a) b) and c are typical profiles showing the position of 
and slope of the gr.ound-water surface in vertical planes at right angles 
to the experimental sections of three of the .canals. The lower line of 
each profile indicates the position of the ground-water before water 
was turned into the canals in 1940) and the upper line) the position 
and slope of the ground-water at the peak of the irrigation season. 
I t will be noted that near each of these three canals there was a 
decided slope of the ground-water table away from the canal during 
the irrigation season) indicating that the canals were contributing to 
the ground-water table.12 
I>etailed Water Table Studies Near the C-Canal 
In 1941) eleven lines and 69 observation wells were used to study the 
water table near the C-Canal) whereas in 1940) only 2 lines and 8 
holes were used. During 1941 records ·of the position of the ground-
water table were kept at 5 lines of obsel'vation wells established along 
the canal near the upper end of the section) at the 5 stations) -1 +00 
down to 2+75 as shown in the upper left-hand part of figure 7. 
As a means of finding the effectiveness of the clay lining) th~se 
5 lines of ground-water observation wells were located so that 2 of the 
lines were at stations above the section where the clay lining began) 
12Profiles have been drawn for each line of holes on each of the 8 canal sections, 
showing all the measurements made during the season of 1940. These form a part 
of the permanent records and have been filed for reference and future use. Also 
detailed large-scale profiles have been drawn for all of the water table depth and 
slope measurements near the three canal sections for which typical profiles are pre-
sented in figure 8. 
I. IC+OD 
CANAL LINING STUDI.ES 
fa ) £),,11',,-#,1.,,1/, C'''''p,nics C-Cono/ 
S("ti on 0+50 
R.nco 
( b) . ;1(,,11'1//1 Compony Eqst Conq/ 
rr; £)dtq 
un a J r t1 c 
Sro~7' 
RS"'OO 
I'Dllna JVrHCe 
Compony . B-2 COnt;! 
Stotion /0_00 
Ln" l~~ 
Fig. 8. Ground-water profiles 
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a. Delta-Melville Companies' C-Canal h. Melville Company East Canal 
c. Delta Company B-2 Canal 
1 at the point where lining was begun, and 2 at downstream stations 
along the lined section of canal. They were thus arranged to show 
the difference in position of the ground-water table where clay lining 
had not been, as well as where it had been used. Each of the upper 
4 lines of observation wells was located at distances of 100 feet along 
the axis of the canal. Each of 3 of the lines consisted of 6 wells at 
right angles to the canal at distances of 15, 25, 50, 75, 100, and 125 
feet from the center line of the canal. 
Two ground-water profiles at right angles to the C-Canal experi-
mental section are shown in figure 9 . These profiles show the effective-
ness of the clay lining in reducing seepage losses. The upper ground-
water profile, figure 9a, represents conditions at a station 200 feet 
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Fig. 9. Ground-water profiles at right angles to Delta-Melville Companies' C-Canal 
in planes 200 feet upstream and 100 feet downstream from the upper end of the 
clay lining, 1941 
upstream from the beginning of the clay lining and the lower one, 
figure 9b, at a station 100 feet downstream from the point of beginning 
of the lining. The position of the ground-water table at each station 
was observed on June 27, 1941, when the canal was flowing at its full 
capacity; and on July 13, 194.1, when there was no water in the canal. 
The water was out of the canal from July 5 to 15. 
At the upstream station, during the 16-day period, the ground-
water table rose 1.4 feet at a point 125 feet from the canal and 2.7 
feet at a point near the canal. This shows a distinct slope of the 
ground-water surface in a direction at right angles to the canal when 
it was flowing full, indicating that the canal was contributing to the 
ground-water where it had not been lined with clay. 
At the downstream station, where the canal had been lined with 
clay, the rise of the ground-water was slight. At the beginning of the 
period the ground-water was nearly horizontal and at the end of the 
period a rise of only 1 foot had taken place near the canal and a rise 
of V2 foot 125 feet from the canal. The rise in the ground-water at 
this station was much less and more nearly uniform along the full 
length of the profile, giving little slope away from the canal and there-
fore indicating little contribution to the ground-water from the canal. 
The profile shown in figure 10 represents ground-water conditions 
at right angles to the C-Canal experimental section at station 6+50, 
which is 550 feet downstream from the beginning of the clay-lined sec-
tion. Thl'ee positions of the ground-water table with respect to the 
canal and the water surface in the canal are shown. The lower line 
'I 
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Fig. 10. Ground-water profile at right angles to Delta-Melville Companies' C-Canal 
in a plane 550 feet downstream from the upper end of the lining, 1941 
shows the position before water was turned into the canal both for 
1940 before lining and for 1941 after lining. The upper line repre-
sents the position of the ground-water table in 1940, before the canal 
was lined with clay, when it was flowing full, and the middle line rep-
resents the position of the ground-water table near the middle of the 
irrigation season in 1941 and after lining the canal with clay . 
. Before lining, the rise in the ground-water table near the canal was 
twice the rise at a distance of 500 feet out from the canal, thus giving 
a considerable hydraulic slope of the ground-water table away from 
the canal. This high slope indicates that the canal was contributing 
to the ground-water table in 1940 before it was lined with clay. 
After lining, the rise of the ground-water table near the canal was 
considerably less than the rise that occurred at a distance out 500 feet 
from the canal, giving the ground-water a slope toward the canal. This 
slope toward the canal indicates that the underground water is flowing 
toward the canal and that the canal is not contributing ,to any measur-
able extent to the ground-water table at this station. 
The high rise that occurred 500 feet out from the canal probably 
resulted from the deep percolation from irrigation on the farm south 
of the canal, which starts at station R2+00 and extends out to and 
beyond the length of profile. 
Figure 11 shows a ground-water profile parallel to the canal at a 
distance of 25 feet from its center line. The profile extends from sta-
tion -1+00, which is 200 feet upstream from the point of beginning of 
the clay lining, to station 3+75, which is 275 feet downstream from 
the point of beginning of lining. In this figure the ground-water table 
is plotted so as to show its relative position with respect to the bed 
of the canal and the water surface when the canal is flowing full. The 
dates of making observations are the same as those chosen in figure 9, 
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Fig. 11. Ground-water profile parallel to Delta-Melville Companies' C-Canal in a 
plane 25 feet from the center line of the canal, 1941 
namely, June 27, 1941, when the canal was flowing full, and July 13, 
1941, when there was no water in the canal. On July 13, as shown in 
figure 11, the ground-water table in a direction parallel to the canal, 
was nearly horizontal. On June 27, when the canal was flowing full, 
the ground-water table was only 0.6 feet higher at the downstream 
point where the canal had been lined with clay, than it was on July 13, 
whereas at the upstream point it was 1.8 feet higher. This shows that 
there was ground-water flow in a downstream direction and that the 
ground-water was being supplied by seepage from the canal above the 
clay lining and that the contribution to ground-water by seepage from 
the canal at the downstream station was slight. At the upper station 
the ground-water table rose until it was in contact with the water in 
the canal being well above the bed of the canal and only 2.7 feet below 
the water surface, whereas at the downstream end the ground-water 
table was more than 6 feet below the water surface in the canal. 
Piezometer Studies 
In May 1942 piezometers were installed on each of the two lined ex-
perimental canal sections in cooperation with the U. S. Regional Salini·-
ty Laboratory to measure the position of the ground-water table, at the 
points where open 2-inch auger holes had previously been used. The 
piezometers did not require cleaning out before each measurement. 
Each set of piezometers consisted of four 14 -inch pipes driven to 
depths of 5, 12, 19, and 26 feet below the ground surface. 
The pipes were driven into the soil with a specially constructed 
driving hammer. The hammer consist of a 3,4 -inch pipe made to fit 
,) 
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over the piezometer tube with an enlarged section near one end filled 
with lead to g'ive it weight. A detailed drawing of the hammer is shown 
in figure 12.13 A 3/16-inch rivet with a round head was inserted in 
the end of the piezometer before driving was started to serve as a 
driving point and to keep the piezometer tube from filling with soil. 
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Fig. 12. Detail of driving hammer and piezometer 
A stepladder was used to stand on while driving the longer piezometer 
tubes that could not be reached from the ground. In many cases it 
was possible to push the piezometers into the soil by hand far enough 
so that the driving hammer could be operated without the use of a 
ladder. 
The rivets that were used as driving points in the end of the pipes 
were pushed out by means of a 3/16-inch steel rod. This rod was 
13Figures 12, 13, and 14, published in Agricultural Engineering 24 :339·342, 
1943, in an article entitled "Ground water studies in relation to drainage" by J. E. 
Christiansen, are presented here by permission of the author. 
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made in ten-foot lengths threaded on the ends so that they could be 
joined together to push the rivets out .of the longer piezometers. Care 
was exercised to push the rivet only about two inches out of the end 
of the pipe so as not to open a channel in the soil below the end of the 
pipe more than was necessary. The pipes were then flushed out by 
pumping water with a hand pump through a plastic tube which was 
pushed down inside the pipe. This flushing was continued until water 
would flow readily from the pipe when filled to the top. The pressure 
head was measured at each of these piezometers with an electrical 
gage. The gage was so constructed as to indicate on a milliammeter the 
depth at which a wire carrying an electrical current made contact with 
the water surface in the piezometer tube. The head due to position at 
each of these piezometers was obtained by establishing the elevation of 
the top of the piezometers with an engineer's level and subtracting the 
length of the piezometer tube. The hydraulic head as used herein is 
the sum of the pressure head and the head due to position. 
The equations of Bernoulli and Darcy may be applied to the study 
of the flow of underground water. 
From Darcy's law, 
v = k ~f __________ ________ ____________ ___ ____ ___ ______ ________ _______ ____ ___ _______ ___ ______ ____ ____ ___________ __ (4) 
where, 
v = the velocity of flow in the saturated soil. 
k = the coefficient of permeability of the soil. 
h f = the hydraulic head lost between any two points in the soil. 
I = the length ·of soil through which flow occurs. 
From Bernoulli's theorem, 
v/ 
2g + + .E.:. w + Z2 + hf _____ ___ ___ . ____ ____ _______ _____ (5) 
where, 
2g = the velocity head at point 1. 
V2
2 
= the velocity head at point 2. 2g 
Pl 
= the pressure head at point 1. 
w 
= the pressure head at point 2. 
w 
Z 1 = the position head at point 1. 
Z2 = the position head ~t point 2. 
h f = the hydraulic head ]ost due to friction in flow between 
points 1 and 2. 
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Each of the terms of equation (5) represents energy per pound of 
fluid and has the physical dimension of length. 
Because the velocity of the water flowing in the soil is so small, 
the velocity head may be neglected in Bernoulli's equation. 
Solving equation (5) for the head lost in friction: 
[
PI 
he == -;; + Zl .......... .... .. .................. ...................... (6) 
Substituting into Darcy's equation, (4) 
v = k~~ + ")1 ~ (-;;- + z,~ ••.•. • ... . ........... (7) 
From the equation of continuity, Q = Av, 
Q = Ak ~-;;- + ,,) I~ (-e- + "')j ......................................... (8) 
Direct measurements were made of all the items in this equation 
except the coefficient of permeability, k. As yet no adequate means of 
measuring directly the coefficient of · permeability under these condi-
tions is available. By considering the measured seepage loss in the 
canal as Q, estimating the area, A) through which ground-water flows 
and measuring the hydraulic slope, which is the quantity within the 
brackets of equation (8), a roughly approximate value of the coefficient 
of permeability, k, can be computed. 
Piezometers Near the East Canal 
At stations 20+00 and 25+00 on the East Canal experimental sec-
tion many piezometers were installed to study in detail the movement 
of the underground water. At station 20+00 the piezometers were 
installed in sets of 4 at right angles to the canal at distances to the 
east of the center line of the canal of 15, 41, 100, 200, 800, 400, and 
428 feet. At 488 feet to the east of the canal an open drain runs 
parallel to the canal. 
For convenience in interpreting the measurements in the field, all 
of the piezometers were set at the same elevation or with a difference 
of some multiple of one foot. A piece of adhesive tape around the 
driving hammer served as a marker at which to stop driving. After 
the first pipe of each set of four had been set to the proper elevation, 
a carpenter's level was used to bring the other three pipes to the same 
elevation. 
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An indication of the relative permeability of the different strata 
between the canal and the drain was determined by measuring the 
hydraulic head and plotting flow patterns, which consists of a series 
of equi-hydraulic head lines plotted on a cross section of the canal and 
the drain. Three flow patterns of the experimental Melville East 
Canal section and open drain at station 20+00 are shown in figure 13. 
Flow occurs at right angles to the equi-hydraulic head lines and it can 
be seen from figure 13 that flow is downward near the canal and up-
Fig. 13. Ground·water flow patterns near Melville Company East Canal at station 
20+00 
ward near the drain. These flow patterns represent measurements that 
were made when the water was in the canal after underground flow 
had reached equilibrium, and are similar in shape. The chief differ-
ence is that there was a greater loss of head between the canal and the 
drain on August 27, when the water was deeper in the canal than on, 
the other two dates in September. 
The soil between the canal and the drain through which flow occurs 
is not homogeneous but is stratified, ranging from fine clay to medium 
sand. Therefore the coefficient of permeability is not constant through-
,out the depth of 26 feet but varies according to the type of material 
that makes up each stratum. 
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Measurements of hydraulic head at station 25+00 of the Melville 
East experimental canal section made when no water was in the canal 
show that flow conditions are similar to those at ~ation 20+00 when 
at equilibrium. Measurements on June 22, soon after water was turned 
into the canal, show that the disturbance caused by turning the water 
into the canal made irregularities in the equi-hydraulic head lines that 
indicate that water was moving fastest through a stratum about 12 feet 
below the ground surface. Measurements on June 29, after the water 
had been in the canal 7 days, again show that underground flow had 
reached equilibrium and the flow pattern as shown in figure 14 was 
80-
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Fig. 14. Ground-water flow patterns near Melville Company East Canal at station 
25+00 
much like that when the water was out of the canal on June 19, but 
with a greater hydraulic gradient. This indicates that at a depth of 
approximately 12 feet below the ground surface there was a stratum 
of coarse-textured soil with a relatively high coefficient of permeability 
and that the velocity of the water flowing through this stratum was 
much greater than that either above or below. 
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EXPERIMENT AL LINING OF TWO 
CANAL SECTIONS 
'[HE SEEPAGE studies in eight Delta Area experimental canal sec-
tions show excessive losses in three, as reported in table 2. Thus 
far only one of these three sections has been fully lined; that is the 
Delta-Melville Companies ' C-CanalY Weather conditions in March 
and April, 1941, whep the lining was done, were favorable for this pur-
pose, whereas during the same months of 1942 the weather conditions 
were unfavorable and prevented further lining. It was impractical to 
line more th~n 1,650 feet of the East Canal in 1942 although plans 
were made for lining 2,500 feet. The East Canal was used for irriga-
tion in 1942 nearly a month earlier than it was used in 1941. There 
was also a scarcity of laborers in the spring months of 1942. 
Physical Properties of Soils 
Laboratory tests were made to determine which of the available 
soil materials Were best suited for canal lining purposes. A summary 
of some physical properties of 14 soils is reported in table 7, which 
shows that the real specific gravity ranged from 2.58 f<?r the Goss clay 
to 2.86 'for the Deltasite. 
One sample of Deltasite having a real specific gravity of 2.76 had 
the minimum apparent specific gravity of only 1.03. This shows that 
the Deltasite soil had a high porosity, 63 percent, in nature. The voids 
ratio shown in column 4 is defined as the ratio of voids-air and 
water-to solids and is much used in the science of soil mechanics. In 
the study of soils for canal lining, the coefficient of permeability is of 
particular importance. Soil materials of the lowest permeability natur-
ally would be most desirable for canal lining purposes and, conversely, 
those with a high permeability would be least desirable. Results of 
permeability tests are reported in terms of inches per hour and feet 
per year. It is of interest to note that the coefficient of permeability 
of the Oasis clay, as measured in the laboratory, 1.8 X 10-5 inches per 
hour, is only one-ninth of the average coefficient as measured in the 
lined canal and reported in table 6. A striking feature of the data 
reported in table 7 is the large variation in the coefficient of permea-
bility as shown in column 7. Using the coefficient for Oasis clay as 
unity, the permeabilities increase from 1 to more than 5,000 for soils 
that were thought by some to be suitable for lining canals. The necessi-
ty for measurements of permeability as one criterion for selection of 
14A 16-millimeter movie film showing the source of the clay used for lining, 
the methods of loading, hauling, dumping, spreading and compacting the clay, and 
other phases of the experimental work is available on request to educators, groups 
,of irrigators, and others interested. 
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soils for lining purposes is emphasized by these data. It is noted that 
the Arizona sand taken near Yuma) and through which the All-Ameri-
can Canal is constructed) is more than 11)000 times as permeable as the 
Oasis clay as measured in the laboratory. 
Table 7. Physical properties of some of the soils considered for canal lining 
1 2 3 4 5 6 7 
Specific gravity Coefficient of permeability Ratio of 
Name of Apparent Voids permea· 
soil Real in its ratio Inches per Feet per bility to Oasis 
natural hour year* clay 
state 
Oasis clay 2.76 1.58 0.43 1.8 X 10-5 .013 1 
Green bentonite 1.92 3.72 6.2 X 10-5 .045 3 
Gray bentonite 1.75 6.00 8.0 X 10-5 .058 4 
Coss clay 2.58 1.24 9.5 X 10-5 .069 5 
Black rock 2.84 1.73 0.85 1.1 X 10-4 .080 6 
Woodrow clay 2.60 0.72 1.8 X 10-4 .132 10 
Arizona clay 2.59 0.95 2.8 X 10-4 .204 16 
Fuller's earth 2.78 1.08 1.25 6.5 X 10-4 .475 36 
Woodrow clay 2.64 1.11 6.7 X 10-4 .490 38 
Black rock 2.74 1.92 0.95 1.1 X 10-3 .800 62 
Deltasite 2.86 1.10 1.48 4.6 X 10-3 3.360 258 
Deltasite 2.76 1.03 1.53 1.4 X 10-2 10.200 785 
Sandy chalk 2.70 1.56 0.73 9.2 X 10-2 67.100 5,160 
Arizona sand 2.71 0.66 2.0 X 10-1 146.000 11,240 
*365 days. 
Delta-Melville C-Canal 
The 1940 measurements of seepage loss on the eight canal sections in 
the Delta Area showed that the loss in the experimental canal section 
of the Delta-Melville C-Canal was excessive) amounting to 4.6 c.f.s. 
per mile or 6.4 percent per mile of the average inflow of 71.5 c.f.s. 
Assuming that water is worth $1.30 per acre-foot it was found that the 
justifiable initial cose5 of lining this section of canal on the basis of 
the value ,of the water saved is 9.6 cents per square foot. 
In harmony with the objectives of the Delta Area canal lining 
studies) it was decided to line the Delta-J\felville C-Canal section with 
a suitable clay soil material from the vicinity of the experimental. canal 
section. Lining of this 4)000-foot section was started in February) 
15See equation (10), its derivation and examples of its application. 
Fig. 15. Oasi clay u ed for lining the canals, 
becau e of it low permeability, hold pool 
of water on the surface after rains 
194.1 and completed in early May before 
the b ginning of the irrigation season. 
Material Used for Lining 
Laboratory te t of permeability of 
12 oil obtained from the Delta Area 
indicated a hown in table 7, that Oasis 
clay, which i abundant in the Delta 
Area, wa the lea t permeable. A bed of 
Oa is clay located on wa te land, shown 
in fiO'ure 15, that wa owned by Millard 
County about two miles from th ection of C-Canal to be lined was 
elected a th source of material for the lining of thi experimental 
ection . 
Regrading and Reshaping the Canal 
DurinO' the many years in which the experimental section of C-
Canal had been in operation without being cleaned it had become 
irregular in hape and filled in to some extent with sand and ilt. It 
was therefore necessary to reshape and regrade the 4 000 feet of the 
experimental ection before placing the lining material. Grade stakes 
were placed at 50-foot intervals along the canal with two stakes in 
the bed of the canal and one on each bank. The canal was designed 
to have a bed slope of 7 feet per 10,000 feet, bed width of 16 feet 
with ide lope of 2 horizontal to 1 vertical, and an average depth 
of 2.5 feet with an allowance of one foot for freeboard. The excava-
tion and re haping to a trapezoidal ection was done by Work Proj-
ects Admini tration laborers u ing hovel. Thi was an expensive ana 
tedious proce . 
Loading, Hauling, and Spreading of Oasis Clay 
The Oasis clay was loaded with hovel into dump trucks at tht> 
borrow pit by Work Proj ects Administration laborer. Power ma-
chinery for loading the clay was not employed becau e the project 
was experimental in nature. It wa advantageous to load by hand in 
order to make sure that no and was mixed with the clay, which might 
occur if power loading equipment were employed becau e the 2-to-3-
foot layer of clay was underlain by a layer of fine sand. The clay was 
hauled a distance of about 2 miles to the canal section where it was 
dumped into the reshaped canal, as hown in figure 16 from first one 
Fig. 16. Truck unloading clay into the 
Delta-Melville Companie ' C-Canal 
bank and then the other and pr ad 
over the bottom and ide of th 
canal by hand labor r to a thickn 
of 5 to 6 inche . 
Compacting the Clay Lining 
The clay lining wa compacted 
durin o' the early part of the con-
truction with large hand-operated 
wooden mallets (fig. 17). A fair de-
gree of compaction wa obtained by 
this method but it was slow and 
tedious. A water-filled roller, moved by a tractor, wa d velop d to 
compact the clay lining. The roller wa a 4-foot steel water drum, 
3 feet in diameter, which when filled with water weighed 2,275 pound 
or 569 pounds per linear foot. It was pu h d up and down the canal 
banks to compact the clay by a four-wh el-drive power-hor e tractor 
that operated in the bottom of the canal (fig. 18). Detailed drawing 
of the roller are shown in figure 19. 
If the soil-roll r contact area is 6 square inches per inch length of 
roller, then the intensity of pres ure of the roller on the oil would 
be approximately 8 pound per square inch. If the oil-roller contact 
ar a i only 4 square inche per inch 1 ngth of roller, the minimum 
that may be expected, then the pressure intensity would be approxi-
mately 12 pound per square inch. This pr ure inten ity much 
Fiu. 17. ompacting the clay lining by u e of wood mallet 
Fig. 18. Compacting the clay lining with a water-filled roner moved with a power· 
hor e tractor 
less than that obtained by the use of a sheep's-foot roll r.16 In th 
construction of earth dams it is not unusual to apply a pressure in-
tensity as high as 200 pounds per square inch. Clearly, therefore, the 
compaction with the equipment used in lining the C-Canal experi-
mental section would not be as high as that obtained in the construction 
of earth dams. 
The moisture content of a soil to be compacted must be controlled 
if maximum compaction is to be obtained. If a soil is too dry when 
it is rolled, compaction will be incomplete. On the other hand if it is 
too wet, the tendency of the soil to flow from under the roller causes 
incomplete compaction. Somewhere between these two extreme condi-
tions there is a range of moisture content at which maximum compac-
tion can be obtained. Laboratory tests for the moisture content for 
maximum compaction of the Oasis clay indicate that the moisture con-
tent of the clay, about 25 percent dry weio-ht basis, as it came from 
the field was nearly correct for maximum compaction. It was neces-
sary to compact the clay as soon after spreading over the bottom and 
banks of the canal as possible so that it would not be too dry when 
rolled. The specific weights of the soil after compacting by hand, and 
also by the mechanical method were slightly less than in its natural 
condition. 
Measurements of specific weight for 10 different conditions of com-
paction are reported in table 8. Soil moisture content usually was 
IOU. S. Bureau of Reclamation pecification no. 695 for earth lining All-
American canal station 606+75 to tation 783+ 75 required the u e of tamping 
rollers for compacting uch "that the total weight in pound of the roller and ballast 
. .. hall be not Ie than 250 pound per quare inch." Al 0 pecification no. 879 
for station 245+00 to tation 1029+48 provide that the material "hall be com-
pacted by rolling with a mooth roller weighing not Ie than 1,000 pound per 
linear foot." 
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Fig, 19. Detailed drawings of water-filled roller for compacting clay lining 
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favorable for maximum compaction without sprinkling or other arti-
ficial wetting. It is noteworthy that none of the compaction methods 
was good enough to make the soil as heavy as it was in nature. A 
specific weight exceeding 90 pounds per cubic foot, water free, was 
attained only with roller and trucks in the bottom of the canal. 
Gravel COlver 
After the clay had been compacted, a layer of gravel was spread 
over the bed and sides of the canal to a depth of approximately 1 inch. 
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The lining was then rolled again to press the gravel firmly into the 
clay. It was intended that the gravel cover would be sufficient to pro-
tect the clay from erosion by stream flow and protect it against crack-
ing caused by moisture and temperature changes. 
Table 8. Specific weight of Oasis clay in the Delta-Melville Companies' 
C-Canal and in its natural conditions, 1941 
T t Number es f 
number t:sts 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
4 
1 
4 
6 
8 
3 
3 
3 
4 
3 
Place of sampling and method of compacting 
On sides of canal with mallets _______ _________________________ __ ____ _ _ 
Bottom of canal with empty truck ______ ______ _______ _______ _____ _ 
Bottom of canal with wood mallets _____________________________ __ _ 
Sides of canal with roller tanL ___________________________________ _ 
Sides of canal with wood mallets _____________ ____________________ _ 
Bottom of canal with loaded trucL _____________________ ________ _ 
Bottom of canal with roller and tractOL. ___________________ _ 
Bottom of canal with mallets and loaded trucks _______ _ 
Bottom of canal with loaded trucL _____________________________ _ 
In natural condition before loading on trucks ___________ _ 
Melville Company East Canal 
Specific 
weight, 
average 
pounds per 
cubic foot 
74.5 
83.9 
85.0 
87.0 
87.3 
88.4 
91.4 
94.4 
94.5 
97.1 
The experimental section of the l\:felville Company East Canal begins 
at the concrete check gate where the Delta-Oak City highway crosses 
the canal, and ends at the check gate-one-half mile south and one-half 
mile west of the point of beginning. 
Study of the seepage losses in this experimental section during the 
1940 and 194 I irrigation seasons indicated that they were great enough 
to justify the cost of lining with clay on the basis of the value of the 
water saved. The average seepage loss for 1940 and 1941 was 5.0 
percent per mile, with an average inflow of 39.6 second-feet. The 
justifiable cost for lining this section based on the value of the water 
saved alone is 5.5 cents per square foot. 
In the regrading and resh~ping of this canal it was necessary to 
excavate a considerable amount of material in order to obtain the de-
sired cross section because of the irregular shape of the old canal. 
Grade stakes were set on the same plan as in the C-Canal. All of the 
work in lining this canal section was done in J\lfarch, 1942. 
Because of the cold weather and the frozen ground the reshaping 
was tedious and expensive. Reshaping was at first done by laborers 
working with picks and shovels. Later when equipment could be ob-
tained and the ground had thawed out, a Caterpillar Bulldozer was 
used. 
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The Oasis clay was obtained from the same source as for the 
C-Canal and shown in figure 15. It was loaded at the pit by hand 
laborers with shovels, into county- and privately-owned dump trucks 
and hauled one mile to the canal section where it was dumped from 
both banks into the canal. 
Laborers spread the clay with shovels over the bottom and sides. 
of the canal to a thickness of from 5 to 6 inches. 
The moisture content of the clay as it was taken from the field 
was nearly correct for maximum compaction. The water-filled roller 
that was used for compacting the lining of the Delta-Melville C-Canal 
was used also on the East Canal. A Caterpillar tractor was used to 
pull the roller. Compacting of the lining in the bottom of the canal 
was easily accomplished. An attempt was made to compact the lining 
on the banks by pulling the roller hitched with an offset hitch from 
the top of the bank, pulling the roller along the canal, but this did 
not prove effective because of inadequate control. The lining on the 
banks was then compacted by running the Caterpillar up and down 
the banks transverse to the canal. This method proved effective . No 
detailed laboratory studies were made in connection with compacting 
the clay lining in this canal. 
COST OF LINING THE C-CANAL 
A CCURATE cost records were kept of each operation in the regrading 
~ of this canal, including supervision, timekeeping, engineering, 
and road construction, and of each operation in the act~al placing of 
the clay lining. The cost for each operation in regrading the canal is 
given in table 9, and table 10 gives the cost for each operation in lining 
Table 9. Cost of regrading a 4000-foot section of the Delta-Melville Companies' 
C-Canal in preparation for lining with clay 
March 17 to May 10, 1941 
1 2 3 4 5 6 
Total Quantity Unit Com-Operation Unit parable 
cost completed cost unit cost 
cents per 
dollars dollars square ft. 
Regrading canal 1,346.15 cu. yd. 2800 0.4808 1.052 
Supervision-regrading 192.29 cu. yd. 2800 0.0687 0.150 
Timekeeping 62.56 cu. yd. 2800 0.0223 0.489 
Engineering 64.05 sq. ft. 128000 0.0005 0.050 
Road construction on 
canal bank 54.03 bank of canal 2 27.01 0.042 
Total 1,719.08 1.752 
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Table 10. Costs 0/ clay lining operations on a 4000·/00t section 
0/ Delta·Melville Companies' C-Canal, 
March 17 to May 10, 1941 
2 3 4 5 6 
Total Quantity Unit Com-Operation Unit parable 
cost completed costs 
unit cost 
cents per 
dollars dollars square /t_ 
Loading clay 893.76 cu. yd. 2,469 0.3620 0.70 
Hauling clay 780.94 cu. yd. 2,469 0.3160 0.61 
Spreading clay 439.28 sq. ft. 128,000 0.0034 0.34 
Tamping clay 109.44 sq. ft. 46,400 0.0024 0.24 
Rolling clay 157.50 sq. ft. 128,000 0.0012 0.12 
Gravel hauling 481.42 cu. yd. 376 1.2800 0.38 
Gravel spreading 123.12 cu. yd. 376 0.3270 0.10 
Supervision-lining 258.56 sq. ft. 128,000 0.0020 0.20 
Su pervision-loading 106.72 cu. yd. 2,469 0.0432 0.08 
Timekeeping 106.72 sq. ft. 128,000 0.0008 0.08 
Rip rap at canal bend 116.56 sq. ft. 0.09 
Total 3,574.02 2.94 
the canal, including loading, hauling, spreading, and tamping the clay) 
together with the cost of the gravel covering and the overhead items 
of supervision and timekeeping. It is to be noted that regrading the 
canal, and loading and spreading the clay and gravel were done entire-
ly by hand labor. The cost for regrading the 4)OOO-foot section was 
1. 75 cents per square foot of lining) and the total cost of placing the 
clay and gravel was 2.94 ce'nts per square foot) making a total of 4.69 
cents . Much hand labor) which is slow and expensive) was used in the 
lining of the C-Canal experimental section. By employing' power equip-
ment the cost of lining can undoubtedly be greatly reduced. 
JUSTIFIABLE COST OF LINING IRRIGATION 
CANALS 
A N ANALYSIS is presented of the conditions that make lining of irri-
..L'--\.. gation canals financially attractive when all the costs of the lin-
ing, construction and maintenance must be paid by the irrigation com-
pany) and justified on the basis of the value of the water saved by the 
lining. 
Bases of Value of Canal Lining 
Considering the welfare of all the people in an irrigated valley or 
state) the lining of irrigation canals may be valuable in three ways) 
namely: (1) saving the water for use in irrigation) (2) reduction of 
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the cost of drainage of irrigated land, and (3) conservation of soil 
productivity. 
Considering only the welfare of the stockholders of a mutual irri-
gation company, the lining is valuable only to the extent that it saves 
water for the use of the stockholder irrigators. Drainage systems are 
usually not under the management or control of an irrigation company 
and therefore the reduction of drainage cost does not directly influence 
the canal company officials. Likewise, the lands that need protection 
against waterlogging and alkali concentration are frequently far re-
moved from the canals that sustain seepage losses. Therefore, it fol-
lows that until the time comes when public agencies, the county, the 
state, and the federal government, which are especially interested in 
the conservation of water and soils, become willing to invest funds in 
lining of irrigation canals, the cost of lining must be justified largely, 
if not entirely, on the basis of the value of the water saved, because 
these costs must be paid by the stockholders of each irrigation com-
pany concerned. We may then write the following statement as a basis 
for justifying lining: The annual cost of lining must not exceed the 
value of "loater saved each year. 
Mathematical Analyses 
Symbols and Equations 
The significance to the irrigation company of the foregoing state-
ment of the justifiable cost of lining a canal is shown more clearly by 
the following mathematical analysis; 
Let: 
C = justifiable first cost of lining canal; cents per square foot. 
S = saving of water by lining, percent of inflow per mile. 
Q = flow in canal; cubic feet per second, at the upper end of 
section of canal to be lined. 
V w = value in cents of 1 acre-foot of water. 
d = number of 24-hour days during which canal is operated. 
p = perimeter of canal or ditch to be lined; feet. 
i = rate of interest; percent per year. 
m = maintenance, depreciation and replacement cost; percent 
of first cost per year. 
Then it follows that: 
1. The justifiable initial cost in cents for lining one foot of a 
canal is equal to the product p X C. 
2. The annual cost per foot of canal is equal to the product 
p X C X (i+m). 
3. The annual cost per mile of canal is 5280 p X C X (i+m). 
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4. The seepage loss in second-feet in one mile of canal is equal 
to the product S X Q second-feet. 
5. The seepage loss in acre-feet per season is equal to the 
product 2 X S X Q X d (Because 1 second-foot flow for a 
period of 24 hours amounts to 2 acre-feet). 
6. The value of water saved each season is then equal to the 
product 2 X S X Q X d X V w. 
As stated above, the annual cost of lining a mile of canal must not 
exceed the annual value of the water saved if the investment is to be 
financially attractive on the basis of water conservation only. This re-
lation expressed mathematically is: 
5280 X p X C X (i + m) ~ 2 X S X Q X d X Vw ....................... , (9) 
It follows from equation (9) that 
C s:: S X Q X Vw X d ........................................................................ (10) 
- 2640 X p X (i + m) 
Illustrative examples of application of equation (10): 
Example Actual 
Item SymbO'l 
NO'.1 NO'.2 C-Canal 
1. Saving O'f water by lining, percent O'f 
inflO'w per mile S 7 3 6.4 
2. InflO'w to' canal sectiO'n, secO'nd·feet Q 75 100 71.5 
3. Value O'f water per acre·fO'O't, cents Vw 100 200 130.0 
4. Length O'f irrigatiO'n seasO'n, days d 150 175 150.0 
5. Perimeter of canal, feet p 20 30 32.0 
6. Interest rate, percent per year i 4 4 4.0 
7. Maintenance and replacement O'f canal 
lining; percent first CO'st per year m 7 9 7.0 
Fr·om example 1 it is evident that: 
.07 X 75 X 100 X 150 1.49 
C ~ 2640 X 20 X (.04 + .07) :::; 0.11 :::; 13.6 
From example 2 it is evident that: 
0.03 X 100 X 200 X 175 1.33 
C ~ 2640 X 30 X (.04 + .09) ~ 0.13 ~ 10.1 
From measurements of inflow, seepage loss, and perimeter of the C-
Canal, together with estimates of 1941 water value by local irrigation 
leaders, and estimates of length of season, interest and maintenance 
costs, it follows that: 
6.4 X 71.5 X 130 X 150 
C ~ 2640 X 32.0 X (.04 + .07) :::; 9.6 
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The Cost Value Ratio 
It must be noted in the illustrative examples given that the values 
presented are maximum values-not actual. If the actual cost of lining 
a canal with cement concrete having thickness of four inches were 
about 12 cents per square foot) then the cost-value ratio with example 
1 would be 136/120, which is equal to 1.13. In other words, the justi-
nable cost, with assumptions as given, would be 13 percent greater 
than the actual cost, even though 7 percent be allowed for depreciation 
and maintenance, a liberal estimate for concrete lining. 
Example 2 shows that even if water is worth two dollars per acre-
foot the maximum justifiable first cost of lining a canal would be only 
slightly more than 10 cents per square foot provided only three second-
feet (or 3 percent of a 100 second-foot stream) could be saved by one 
mile of lining and provided the yearly maintenance costs were 9 per-
cent of the first cost. It is also evident from example 2 that if the water 
saved had a value of only one dollar per acre-foot, an irrigation com-
pany could justify a first cost f6r lining of 5 cents per square foot; 
all other values remaining the same. 
Curve 1 of figure 20 is based on example 1 in which there is a 
saving of 7 percent per mile for a stream of 75 second-feet, with the 
assumptions that water is worth $1 per acre-foot and the irrigation 
season is 150 days. The perimeter of the canal is 20 feet. This curve 
shows the justifiable initial cost of lining the canal under these condi-
tions to be 13.6 cents per square foot when the sum of the interest and 
the maintenance costs is 11 percent per year. It shows also the justi-
fiable initial cost when the sum of interest and maintenance costs range 
from 5 percent to 35 percent per annum. If, for instance with water 
losses and value as given in. example 1, the interest and maintenance 
cost is only 7.5 percent of the initial cost per year, then the justifiable 
initial cost of lining is 20 cents per square foot. 
Curve 2 of figure 20 is based on actual C-Canal data. It shows the 
justifiable cost for lining the Delta-:l\1elville Companies' C-Canal with 
a range of interest and maintenance costs from 3 percent to 35 percent 
per annum. For instance, with interest and maintenance costs of 11 
percent, curve 2 shows the justifiable initial cost to be 9.6 cents per 
square foot-the same as shown by the equation. 
Curve 3 of figure 20 shows what the justifiable cost for lining the 
Delta-Melville C-Canal would be provided the annual value of the 
land improvement equaled the value of the water saved. For instance, 
this curve shows that an initial cost of 20 cents per square foot would 
be justified if the interest and maintenance cost is 10 percent annually; 
whereas curve 2 shows that the initial justifiable cost would be only 
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/5 2.0 30 
ANNUAL COST FOR INTEREST AND MAINTEllANCE 
Percent of initial cost per year--(i + m) 
Fig. 20. Relation of the anl1ual inter·est and maintenance costs to the justifiable 
initial cost of lining irrigation canals 
10 cents per square foot on the basis of the value of the water saved 
annually. 
By use of the equation 10 and curves similar to those shown in 
figure 20) canal company officials and their engineers can make similar 
comparisons after estimating the seepage losses) value of water) inter-
est rates) maintenance costs) and other items. 
DURABILITY OF CLA Y LINING 
T HE experimental work reported in this bulletin has not yet con-tinued long enough to give final factual data concerning the dura-
bility of clay lining. Among the factors which are known to cause 
deterioration are erosion) freezing and thawing) and weed and moss 
growth. Leaching of soluble salts from the clay may cause an appre-
Fig. 21. Trapezoidal lumber frame to erve a datum for mea uring ero ion 
ciabl change in it p rmeability. Th ne d for cl aning of th canal 
i al 0 a factor . 
In order to facilitate m a urement of ero ion of the C-Canallining 
from the bank of the canal, and movement of the clay from the b d 
by su p en ion in th canal water, or by bed load tran portation, four 
takes were driv n into the ground to a depth of 1 inches at each 
100-foot tation. Two of the take were plac d in th bottom of th 
canal at the lower edge of th lined id lope and 2 in the canal bank 
at the upper edg . The take were driven to grad elevation. During 
each measurement of elevation of the clay lininO' a pecially con-
tructed trapezoidal lumber frame a hown in figure 21 , was plac d 
on the stakes to erve a datum elevation. At ach of the 41 station 
the di tance from th lumber frame to the clay lining was measured 
at the mid-point of 32 one-foot section , 16 in the canal bed and 8 on 
each side, thu making 1,312 ' mea urement in each et. The fir t et 
of measurements wa made on May 7, 1941 , after the lining was com-
pleted and before water wa turned into the canal. From May 8 to 
July 5 the canal was used for water conveyance, mo t of the time to 
full capacity. On July 14, nine days after water was turned out of 
the canal, the econd set of mea urement was made for estimating 
erosion and displacement of the lining. Figure 22 shows the procedure 
in measuring distance from datum to the clay lining at the center of 
the canal. 
The average elevation differences at each station designated "cut" 
to indicate erosion and "fill" to show deposition are presented in 
table 11. 
The average lowering of the I ft, inner canal bank was 0 .031 feet, 
as shown in table 11, and of the right, outer bank, 0.043 feet . The 
width of each canal bank is 8 feet and therefore the volume of material 
eroded from the left bank in the 4.,000-foot experimental canal section 
was 0.031 X 8 X 4000 = 992 cubic feet, and from the right bank it 
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Table 11. Average depths 0/ cut or fill at each station 0/ the C-Canal 
from May 7 to July 14, 1941 (feet) 
Station Left bank Bottom Right bank 
Average Average Average Average Average Average 
cut fill cut fill cut fill 
1+00 _144 .071 .190 
2+00 .004 .060 .084 
3+00 .136 .052 
4+00 .054 .Oll 
5+00 .013 .221 
6+00 .007 .100 
7+00 .026 .026 
8+00 .091 .ll6 .093 
9+00 .050 .084 .lll 
10+00 .029 .059 .ll4 
ll+OO .037 .068 .006 
12+00 .086 .024 .031 
13+00 .161 .009 .007 
14+00 .021 .039 .019 
15+00 .Oll .092 .063 
16+00 .0lD .055 .057 
17+00 .020 .085 .049 
18+00 .153 .048 .029 
19+00 .038 .058 .ll9 
20+00 .027 .080 .344 
21+00 .183 .045 .288 
22+00 .033 .026 .054 
23+00 .023 .ll6 .060 
24+00 .299 .003 .046 
25+00 .0lD .094 .016 
26+00 .027 .082 .026 
27+00 .078 .064 
28+00 .070 .050 .Oll 
29+00 .039 .ll4 .053 
30+00 .017 .130 .016 
31+00 .023 .100 .003 
32+00 .019 .130 .004 
33+00 .004 .101 .007 
34+00 .017 .113 .047 
35+00 .083 .020 
36+00 .014 .142 .011 
37+00 .001 .118 .009 
38+00 .021 .161 .014 
39+00 .009 .lD9 .001 
40+00 .053 .121 .026 
41+00 .024 .147 .160 
Average .040 .009 .Oll .073 .049 .006 
Difference .031 .062 .043 
Fig. 22. Measuring ero ion in 
the bottom of the C-Canal 
was 1,376. In the 16-foot 
canal bed the av rage ri 
of the clay urface wa 
0.062 f et which i quiv-
a] nt to a fill of 3,96 
cubic feet tim making a 
n t fill in the xp rim n-
tal canal ction of 1,600 
cubic feet, which i equaJ 
to 5 p rc nt of the volum 
of th e lining. Expan ion 
of the cla~l re ll.ting from 
w tting may cau thi 
volume incr a e. 
The fact that both 
anal bank u tain d a 
mea Ul'able ero ion i ig-
nifi ant , ev n thouo-h 
th r wa no mea urabl 
10 of clay from the ex-
perimental canal ection. 
pecial attention houJd 
be given to method of in-
creasino- the tabiJit), of th lining on th canal bank. 
N a attempt ha b n made a yet to m a ur in the canal the effect 
of freezing thawin', and leaching on th permeability. It is planned 
to measure the permeability of th lining in place from year to year 
to find the effect of th e factor . 17 
Weed growth ha b n negligible tIm far, but growth of rna ha 
given some concern. 
The C-Canal doe not require cleaning. It i of cour e apparent 
that canals which require cleaning at frequent intervals ay annually 
or biannually, cannot be lined with clay without the use of a gravel 
cover of considerable thickness. The cost of necessary protection of 
the clay against disturbance in cleaning may result in prohibitive initial 
costs. The costs of annual maintenance and replacement of canal lin-
ings, including clay, concrete, oil and others, are least understood of 
all the items of equation (10) which influence the determination of 
justifiable cost of lining. These co ts hould therefore be given par-
ticular attention by public agencie in long-time studies of canal lining. 
lTLeaching of samples of the clay lining in the U. S. Regional Salinity Labora-
tory for several weeks caused an · incn~a_s~.in. p~rme_abi]ity of 10 times. 
r . ' 
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CONCLUSIONS 
T HE cooperative canal lining experimental work in the Delta Area reported herewith leads to the following conclusions: 
1. That careful measurements of seepage losses in canals that seem 
to need lining should be made during at least one season before 
lining. 
2. That seepage losses vary greatly from place to place along 
canals and therefore that current meter or other inflow-outflow 
measurements may not give all of the information needed as a 
basis for decision to line the canal or for design of the lining. 
3. That there is an urgent need for new and improved methods of 
measuring the seepage losses in canals. 
4 . That in the Delta Area, natural clays having low permeabilities 
suitable for lining canals to reduce seepage losses are abundant. 
5. That lining of many canal sections with clay to prevent seepage 
losses is financially feasible, and that lining some canal sections 
will pay good returns on the basis of the value of the water 
saved annually. 
6. That in the Delta Area lining of irrigation canals has value not 
only in saving water for use on the land, but also in the improve-
ment of drainage conditions, reduction of drainage costs, con-
servation of soils, improvements of highways, and protection 
from flooding of basements of public and private buildings. 
7. That improved methods in the compacting of day for canal 
lining are urgently needed. 
8. That in large scale operations in clay lining, costs can be greatly 
reduced by the use of modern heavy machinery for loading, 
hauling, spreading and compacting the clay. 
9. That long-time continued experimental work is needed to give 
reliable information with respect to the durability of the lining 
against erosion, freezing and thawing, moss growth and weed 
growth in the lined canals. 
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